Objective: To identify combinations of food groups that explain as much variation in absolute intakes of 23 key nutrients and food components as possible within the country-specific populations of the European Prospective Investigation into Cancer and Nutrition (EPIC). Subjects/Methods: The analysis covered single 24-h dietary recalls (24-HDR) from 36 034 subjects (13 025 men and 23 009 women), aged 35-74 years, from all 10 countries participating in the EPIC study. In a set of 39 food groups, reduced rank regression (RRR) was used to identify those combinations (RRR factors) that explain the largest proportion of variation in intake of 23 key nutrients and food components, namely, proteins, saturated fatty acids, monounsaturated fatty acids, polyunsaturated fatty acids, cholesterol, sugars (sum of mono-and disaccharides), starch, fibre, alcohol, calcium, iron, potassium, phosphorus, magnesium, vitamin D, b-carotene, retinol and vitamins E, B1, B2, B6, B12 and C (RRR responses). Analyses were performed at the country level and for all countries combined. Results: In the country-specific analyses, the first RRR factor explained a considerable proportion of the total nutrient intake variation in all 10 countries (27.4-37.1%). The subsequent RRR factors were much less important in explaining the variation (p6%). Strong similarities were observed for the first country-specific RRR factor between the individual countries, largely characterized by consumption of bread, vegetable oils, red meat, milk, cheese, potatoes, margarine and processed meat. The highest explained variation was seen for protein, potassium, phosphorus and magnesium (50-70%), whereas sugars, bcarotene, retinol and alcohol were only marginally explained (p5%). The explained proportion of the other nutrients ranged between these extremes. Conclusions: A combination of food groups was identified that explained a considerable proportion of the nutrient intake variation in 24-HDRs in every country-specific EPIC population in a similar manner. This indicates that, despite the large variability in food and nutrient intakes reported in the EPIC, the variance of intake of important nutrients is explained, to a large extent, by similar food group combinations across countries.
Introduction
High correlations among foods and subsequently among nutrients are a particular challenge in nutritional epidemiology. When evaluating the relationship between dietary factors and occurrence of chronic diseases, adjustment for other foods or nutrients that are correlated with the dietary factor and the disease is one method of accounting for confounding. This approach is, however, cumbersome if there are many potential confounders, and may be ineffective owing to measurement error in self-reported dietary intakes. Furthermore, adjustment for many correlated variables can obscure relationships, and attenuate or eliminate any effect. Alternative strategies for dealing with nutritional variables, which are usually correlated, are therefore a challenge for nutritional epidemiology. The evaluation of food group combinations or nutrient profiles, instead of single foods or nutrients, may offer such an alternative approach (Hu, 2002) .
The variation in nutrient intake between individuals is determined by the variation in both food intake and food composition. It is, however, less clear which combinations of foods are responsible for the total nutrient variations at the population level. Descriptive analyses of this kind would complement studies on food sources of single nutrients or food components, as described in this supplement (Cust et al., 2009; Halkjaer et al., 2009; Jenab et al., 2009; Linseisen et al., 2009; Olsen et al., 2009; Sieri et al., 2009; Welch et al., 2009) , by investigating a group of nutrients simultaneously in a multivariate analysis and allowing for correlations among nutrients.
Recently, researchers have begun identifying statistical tools capable of addressing such complex methodological questions. In particular, multidimensional approaches, such as partial least square and reduced rank regression (RRR), provide a suitable statistical framework (Hoffmann et al., 2004) . Using RRR, for example, the relationship between two kinds of variable groups can be analysed by constructing linear combinations of one group of variables (for example, food intakes) that explain as much variation as possible in the other variable group (for example, nutrient intakes) (Hoffmann et al., 2004) .
To shed light on the complex relationship between food and nutrient intake, approximately 37 000 24-h dietary recalls (24-HDRs) collected in the multicentre setting of the European Prospective Investigation into Cancer and Nutrition (EPIC) (Riboli et al., 2002) were analysed by the RRR method to determine which combinations of 39 food groups explain most effectively the absolute intake of 23 nutrients and food components that are of current major epidemiological research interest and for which concentration values have been standardized across countries. The main objectives of this paper are to describe and understand how food combinations and nutrient profiles are linked, to determine whether there are food combinations that can considerably explain the variation in total nutrient intakes and to explore how much country-specific heterogeneity actually exists. Thus, this paper should help to understand the complex relationship between food and nutrient intake, which is of great importance for investigations on dietary components in relation to the risk of chronic diseases. Further, under the assumption that nutrients are the bioactive components that affect the risk of chronic diseases, a food combination that explains the variation in nutrient intakes may also have a role in chronic disease aetiology. Thus, this study provides hints for potential disease-related food group combinations, which could be evaluated in future studies.
Materials and methods

Study sample
The EPIC study is a multicentre prospective cohort study designed to investigate the relationship of diet with the risk of cancer and other chronic diseases, using the data from 23 study centres in 10 European countries (Greece, Spain, Italy, France, Germany, Netherlands, UK, Denmark, Sweden and Norway). In France, Norway, Utrecht (Netherlands) and Naples (Italy) only women were recruited, whereas all the other cohorts included both men and women. Detailed information on the EPIC study, including descriptions of the source populations, can be found elsewhere (Riboli et al., 2002; Bingham and Riboli, 2004) . Within a calibration substudy designed to correct for measurement error in baseline dietary intake measurements, a single 24-HDR interview was performed between 1995 and 2000 in a subsample of the EPIC cohort. The calibration samples represent between 5 and 12% (1.5% in the UK) of each EPIC cohort population (Slimani et al., 2002b) .
This calibration study provided the data for the present analyses. The initial dataset included 24-HDRs from 36 994 subjects. After a systematic exclusion of the participants outside the age range of 35-74 years, 36 034 24-HDRs (obtained from 13 025 men and 23 009 women) were included in the present study.
Dietary assessment
Information on dietary intake was collected by means of one computerized 24-HDR interview per subject using the computer programme EPIC-SOFT (Slimani et al., 1999) , which was specially developed to ensure standardization of the interviews (Slimani et al., 2000) within and between countries. All 24-HDRs were collected during a face-to-face interview, except in Norway, where interviews were conducted by telephone (Brustad et al., 2003) . During the dietary interview, each reported food item was searched for, described, quantified and checked according to standard rules. Methods used to estimate the portion size included photographs, household measures and standard units.
Standardized food component data were compiled within the framework of the ENDB (EPIC nutrient database) project (Slimani et al., 2007) . The aim of the ENDB was to improve the comparability of nutrient databases across the 10 countries participating in EPIC through collaboration with national compilers of nutrient databases, and food and nutrient experts from each country. The nutrient contents for each food were calculated by following a standardized procedure, drawing upon the nutrient information available in the national food composition tables. Other common rules and calculations were adopted for computing the nutrient values of mixed recipes and foods that were missing from the national food composition tables. In total, 26 important nutrients and food components were standardized within the ENDB (Slimani et al., 2007) .
The present study considered all these ENDB nutrients and food components, except water, total fat and glycaemic carbohydrates. The latter were excluded in order to avoid using intakes of these components twice in RRR, because the constituents of fat (saturated fatty acids (SFA), monounsaturated fatty acids (MUFA) and polyunsaturated fatty acids (PUFA)) and glycaemic carbohydrates (starch and sugars) were used in the analysis. Thus, 23 key nutrients and food components were finally included in this study, namely, protein, SFA, MUFA, PUFA, cholesterol, sugars (comprising mono-and disaccharides), starch, fibre, alcohol, calcium, iron, potassium, phosphorus, magnesium, vitamin D, b-carotene, retinol, and vitamins E, B1, B2, B6, B12 and C. Intakes from dietary supplements were not considered in the present study, but this topic is addressed in another paper of this special issue (Skeie et al., 2009) .
For the sake of simplicity and clarity regarding the wording, the term 'nutrient' is often used in this paper to refer to the 23 nutrients and food components. However, it should be borne in mind that many scientists do not consider alcohol and fibre to be nutrients.
Classification of food groups A special food classification, which is a slightly modified version of the food classification available in the EPIC-SOFT program, was adopted in the EPIC for this supplement (Slimani et al., 2000) . Similar to the EPIC-SOFT classification, this modified food classification contains 17 major groups, each of which are further divided into several sub-groups. For the present analysis, all food groups were considered, either at the main group or at the subgroup level, and finally 39 food groups (defined in Table 1 ) were selected, in line with previous studies on dietary patterns (Newby and Tucker, 2004) .
Non-dietary variables
Data on other lifestyle factors, including education level, total physical activity and smoking history, considered in this analysis were collected at baseline through standardized questionnaires and clinical examinations, and have been described for the calibration sampling elsewhere (Riboli et al., 2002; Slimani et al., 2002b) . Data on age, as well as body weight and height were self-reported by the participants during the 24-HDR interview. The mean time interval between these baseline questionnaire measures and the 24-HDR interview varied by country, from 1 day to 3 years later (Slimani et al., 2002b) .
Data analysis
All statistical analyses were performed using SAS release 9.1 (SAS Institute, Cary, NC, USA). Analyses were carried out separately for men and women and stratified by country. In the United Kingdom, the health-conscious subjects and those recruited from the general population were considered as two separate cohorts (Slimani et al., 2002b) . We applied RRR using the partial least square procedure in SAS to identify combinations of food groups that explain the largest proportions of variation in the intake of the 23 nutrients and food components. RRR can be considered as a generalization of a simple regression to the multivariate case, but with a dimensionality reduction aim. This technique was recently introduced in nutritional epidemiology to derive dietary patterns (Hoffmann et al., 2004) . Briefly, RRR extracts linear combinations (the so-called factors) of predictor variables (for example, food group intakes) that explain as much variation in response variables (for example, nutrient intakes) as possible. One property of the successive extracted factors is that they are uncorrelated, and hence the variation in the responses can be broken down into fractions of variation explained by the factors obtained.
The 24-HDR data (g/day) on 39 food groups were used as predictors, and those on 23 nutrients as responses. RRR analyses were performed both for the whole calibration sample-to obtain overall factors-and for each country separately. To improve the comparability between countries, the data on food groups and nutrients were adjusted for several covariates using linear regression and by entering the (Slimani et al., 2002b) and 26 dummy variables were coded, with the Malmö cohort as reference centre); education (none/primary school, technical/professional/secondary school, university and missing data); smoking status (never smoker, former smoker, smoker and missing data); and physical activity (inactive, moderately inactive, moderately active, active and missing data). An RRR factor is a complex construct, because it is a linear combination of the z-standardized intakes (AM (arithmetic mean) ¼ 0, s.d. (standard deviation) ¼ 1) of 39 food groups, with each group multiplied by an individual weight. To make the results easier to interpret, the first RRR factor was also examined in a shortened, simplified form. For this purpose a new, simplified factor was calculated, as the unweighted sum of the z-standardized intakes (AM ¼ 0, s.d. ¼ 1, standardization performed within the whole calibration sample) of only the 'indicator food groups' of the first RRR factor. The 'indicator food groups' were considered to be groups with a factor loading (statistical measure that indicates the relationship between the food group and the derived RRR factor) X0.2 of the absolute value. This selection criterion was based on the assumption that a high factor loading gives a variable much more weight in constructing a factor (Hatcher, 1994) . A simplified food factor is easier to interpret and to communicate, and better reflects individual food consumption, but still has a very similar meaning compared to the original factor. More details on this method of simplification and its applicability have been presented previously (Schulze et al., 2003) .
As the list of food groups that met the criterion of a factor loading X0.2 was very similar for men and women, a single simplified factor was developed for both. Thus, RRR was applied to the whole calibration sample without splitting by gender, and food groups with factor loadings X0.2 of the absolute value were used for the joint simplified factor. The creation of the simplified factor was the only part of the analysis that was not performed using stratification for gender. Percentages of total nutrient variation, explained by the simplified pattern, were calculated for men and women separately. To compare the original (gender-specific) RRR factors with the simplified (joint) factor, Pearson's correlation coefficients were calculated.
Results
As the number of extracted RRR factors equals the number of selected responses, 23 factors were extracted during RRR analysis. When RRR was performed on the whole calibration sample, the first RRR factor explained substantially more of the total nutrient variation (31.1% for men, 29.6% for women) than the following factors: factor 2, 6.2% for men, 6.3% for women; factors 3-23, consecutively less. This observation was also made when RRR was performed on single country-specific populations. It was therefore decided to focus the analysis on the first factor.
Descriptive characteristics of the first RRR factor derived for men, stratified by country, are shown in Table 2 . The amount of variation in total nutrient intake explained by the first RRR factor was similar between countries, ranging from 28.3% for the UK general population cohort to 37.1% for the Netherlands. Strong similarities between the EPIC countries were also observed for the proportion of explained variance for single nutrients. In every country, relatively large proportions of protein, potassium, phosphorus and magnesium intake were explained by the first factor, which seemed to be mainly driven by the food group bread, which often constitutes an important part of the overall diet. The explained variation for protein ranged from B65% up to B78%. For potassium, the explained variability ranged from 60 to B70% in all populations except for the UK general population, in which only 53.1% of the potassium intake was accounted for. The explained variation for phosphorus was in general from 70 to B80%, except in the Greece population, in which only 50.1% of the phosphorus variation was accounted for. For magnesium, the explained variation ranged between B50 and B70%. In contrast, the explained variation for sugars, alcohol, b-carotene and retinol intake by the first factor was modest (p10%) in the country-specific models. The proportion of explained variance for the other nutrients (SFA, MUFA, PUFA, cholesterol, starch, fibre, calcium, iron, and vitamins D, E, B1, B2, B6, B12 and C) ranged between these two extremes. Strong similarities between countries were also detected regarding the food groups that contributed most to the first countryspecific RRR factor (with a factor loading X0.2 of the absolute value). Bread was the food group with the highest factor loading in most countries. Other important food groups with factor loadings X0.2 in most countries were red meat, vegetable oils, milk, cheese, potatoes, processed meat and margarine. Table 3 shows the descriptive characteristics of the first RRR factor obtained for women and stratified by country. In general, the results for women were comparable to those for men, again with strong similarities across countries. The country-specific proportion of explained nutrient variation by the first RRR factor ranged from 27.4% for the UK healthconscious cohort to 33.9% for Sweden. As observed in men, the largest proportions of variation were explained for protein (B65-75% explained variance, but with lower values in the UK general population (59%) and health-conscious cohorts (50%)), potassium (B60% explained variance), phosphorus (range B70-80%, but with lower values in Greece (45%) and the UK health-conscious cohort (55%)) and magnesium (range B50-70%, with lower values in Table 2 Percentage of nutrient-specific and total nutrient variation explained by the first (country-specific and overall) RRR factor and ranking of food groups with factor loadings X0.2 (absolute value) in the European Prospective Investigation into Cancer and Nutrition (EPIC) calibration study (n ¼ 13 025), stratified by country-Men Food groups with factor loading X0. France (38%) and the UK general population (46%)). In contrast, sugars, alcohol, b-carotene and retinol were only marginally accounted for (approximately p10% explained variation). Examination of those food groups that contributed most to the first RRR factor revealed that bread again emerged as a very important food item, having the highest factor loading in 6 of 11 cohorts. Other important food groups with a factor loading X0.2 in most countries were milk, vegetable oils, cheese, red meat, potatoes, fruiting and root vegetables, and cake. The characteristics of the second, third and fourth overall RRR factors derived for men and women separately are presented in Table 4 . In general, the characteristics were similar between men and women. In both genders, the second factor explained much less nutrient variation than the first factor (B6% compared with B30% for the first factor). The second factor accounted for large proportions of fibre, vitamin C and cholesterol variation, and also for alcohol and SFA, and in men, potassium was also explained in considerable proportions. This RRR factor was mainly characterized by fruits, fruiting and root vegetables, eggs, wine, beer and spirits. The third factor explained large amounts of alcohol variation, especially in men (465%). In women, this factor also accounted for considerable proportions of calcium and vitamin B2. Consequently, this factor was mainly driven by alcoholic beverages, that is, wine, beer and spirits, but milk and cheese also had important roles, especially for women. The fourth factor showed differences between men and women. Among men, calcium, vitamin E, MUFA and PUFA were best explained by this factor, and foods such as vegetable oils, margarine, milk and cheese had factor loadings X0.2. Among women, the fourth RRR factor explained alcohol intake in particular, but also starch and fatty acid intake. Consequently, alcoholic beverages, such as Table 4 Percentage of nutrient-specific and total nutrient variation explained by the second, third and fourth overall RRR factor and ranking of food groups with factor loadings X0.2 (absolute value) in men (n ¼ 13 025) and women (n ¼ 23 009) in the European Prospective Investigation into Cancer and Nutrition calibration study wine and spirits, and foods rich in starch or fat, such as bread, cake, margarine and vegetable oils, contributed most to this factor. As mentioned before, a simplified food factor was formed by considering those food groups with a factor loading X0.2 (absolute value) for the first overall RRR factor in the whole calibration sample, jointly for men and women. The food groups bread, vegetable oils, red meat, milk, cheese, potatoes, margarine and processed meat met this criterion and were used to form the simplified factor. Pearson's correlation coefficients between the originally derived first factor (gender-specific) and the simplified (joint) food factor were 0.78 for men and 0.73 for women.
Vertical bar diagrams were used to illustrate the amount of explained country-specific nutrient variation by the joint simplified food factor stratified by gender. For men, the amount of explained total nutrient variation ranged from 15.1% for the UK general population to 24.2% for the Netherlands (Figure 1 ). In five of the nine cohorts, the combination of bread, vegetable oils, red meat, milk, cheese, potatoes, margarine and processed meat explained more than 20% of the nutrient variation (Netherlands, Greece, Sweden, the UK health-conscious cohort and Denmark). For women, the explained country-specific variations in nutrient intake using the simplified food factor were mostly lower than those for men (Figure 2 ). The explained nutrient variations ranged from only 8-13% for the UK cohorts to 24.6% for Greece, with most values between 15 and 20%.
Discussion
This study shows that a considerable proportion of the variation in intake of 23 key nutrients can be explained using a specific combination of food groups represented by an RRR food factor. Strong similarities were seen across the EPIC countries for this food factor (both in terms of food groups contributing the most to this factor and in terms of the explained proportions of nutrient variances), which was unexpected given the wide variations in dietary intakes and patterns across centres described previously (Slimani et al., 2002a) . The RRR food factor's ability to predict nutrient variations largely persisted when a simple food factor was adopted, comprising bread, vegetable oils, red meat, milk, cheese, potatoes, margarine and processed meat, indicating that these foods make the most important contribution to the intake variation of key nutrients in all EPIC countries.
A major strength of this study is that it covers populations from 10 European countries, thus making it possible to study and compare the relationship between food intake and nutrient provision in populations from various geographical regions in Europe with multifaceted cultural backgrounds. It should, however, be noted that for many of these countries the population studied is not representative of the general population (Slimani et al., 2002b) ; therefore, the results presented here should not be considered to be representative of a given country. An important advantage of this study lies in the method used to collect the dietary data, which were obtained by means of a highly standardized dietary assessment tool (EPIC-SOFT) used by all participating countries. Furthermore, nutrient data from the ENDB were used, which greatly improves the comparability of nutrient intakes across countries when compared with the use of different countryspecific nutrient databases (Slimani et al., 2007) . However, when interpreting our results, some methodological issues related to the use of a single 24-HDR as the data basis must be taken into account.
First, one 24-HDR cannot reliably reflect an individual's long-term dietary intake. Thus, the results of this study cannot contribute directly to research on dietary patterns, which are supposed to reflect the habitual dietary behaviour. Rather, these results describe the combinations of foods consumed on one particular day, which explain the largest proportions of variation in intake of important nutrients on that day. Second, the large intra-individual day-to-day variability in dietary intake should not have affected the reproducibility and stability of the results, because the 24-HDRs were not used to draw conclusions about individual dietary intake, but were seen as single measurements of the simultaneous intake of foods and nutrients. In other words, if the study participants had completed their recall interview on a different day from the actual interview day, the results of this study would, most likely, not have changed very much. In fact, the results did not change appreciably when the 36 034 24-HDRs were randomly allocated to two groups and the analyses were repeated (data not shown). Third, as the data were based on a single 24-HDR, the frequency distribution of food intakes in the study population may be very different between common foods and less regularly eaten foods, which may have many zero values. This might have contributed to the observation that commonly eaten foods, such as bread, red meat, milk, cheese and potatoes, were the most important constituents of the first RRR factor. In analyses of habitual dietary intake, this observation might not be expected, because there would be far fewer zero intakes among the less regularly eaten foods. This issue needs to be evaluated in future studies. It should be noted that differences in food groups' intake variances per se could not have affected our findings because, by default, predictors and responses are z-standardized (mean ¼ 0, variance ¼ 1) in the course of an RRR analysis. This study was not intended at generating food factors that represent a particular type of diet, such as one with high intakes of 'healthy' nutrients. In contrast, it was aimed at understanding the complex nutrient profile generated by a certain combination of foods. The RRR method optimizes the combination of foods according to the explained variation in nutrients. The rationale for using this method is the assumption that variation in nutrient intake is the component that affects the risk of chronic diseases. Thus, in future studies, it might be worth examining whether the retrieved food group combination is related to the risk of chronic diseases. The nutrients selected for this study comprise those that are currently the focus of epidemiological research, and for which solid information is available in the common EPIC Nutrient Database (Slimani et al., 2007) . It should be noted that a change in the response variables would influence the selection of foods and that the results of this study are valid only for the response variables used in this analysis. However, in a sensitivity analysis using only 16 nutrients (protein, sucrose, starch, SFA, MUFA, PUFA, alcohol, fibre, potassium, calcium, iron, b-carotene, and vitamins C, B1, B2 and B6) as responses, the results did not change appreciably (data not shown). This indicates that the results of this study may not be very sensitive to a change in the response variables.
It was decided to present the results only for the first four overall RRR factors. The first four factors together explain a large proportion of the total nutrient variation accounted for by all 23 RRR factors (45.7% for the first four factors compared with 58.2% for all 23 factors in men, 44.5% compared with 56.3% in women). Thus, it is unlikely that important information was overlooked in the presentation of results. Indeed, most nutrients were not importantly explained by any of the remaining 19 factors (data not shown). However, in both genders, a considerable proportion of cholesterol was explained by the eighth factor (men 17.0% and women 13.1%), of starch by the fifth factor (men 37.5%, women 27.5%) and of vitamin D by the seventh factor (men 16.6%, women 13.0%). Furthermore, vitamin C was explained in relatively large amounts by the fifth factor in men (15.2%).
It was a deliberate choice not to use energy-adjusted intakes of foods and nutrients in the RRR analyses, because the aim of this study was to identify combinations of food groups that explain the largest proportions of absolute nutrient intakes. Nevertheless, we also performed RRR analyses using energyadjusted intakes of foods and nutrients (that is, residuals from the regression of the respective dietary factor on total energy intake) to understand the impact of energy adjustment on the results. The analyses using energy-adjusted intakes focus on the variation in relative intakes, which is a different concept compared with the analyses that were presented in this paper. When using energy-adjusted intakes, the explained total nutrient variation by the first RRR factor was only 12.5-20.4% in individual countries (compared with 27.4-37.1% when intakes were not adjusted for energy). Furthermore, the first country-specific RRR factors differed substantially between the countries, both in terms of the nutrients that were best explained by these factors and in terms of the food groups that contributed most to these factors (data not shown). These findings indicate that energy adjustment may have a great impact on RRR food patterns that are derived to explain nutrient variation.
Some nutrients, especially sugars, were not substantially explained by any of the 23 RRR factors. For sugars, this is probably related to the fact that most variability in intake is explained by the food group 'sugar and confectionery'. As this group comprises foods mainly composed of sugars, it cannot explain substantial variability for any of the 22 remaining nutrients.
The broad food groups in this study may have contributed to the similarity of the first food factor across countries. This may be especially the case for bread, which was the most important food group for the first factor in many countries and which is a composite of many kinds of bread in our study, with different fibre and nutrient contents and prepared using different manufacturing techniques. One would expect different types of bread to be important for explaining the nutrient variation in different geographical and cultural regions. Unfortunately, it was not possible to investigate this issue in detail, because the data did not allow a distinction between bread subtypes that is relevant for this study (for example, wholemeal versus white bread), owing to the different naming and composition of breads in individual countries.
The food factors revealed in the RRR analysis are highly complex constructs because of their large number of
